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Methylenedioxymethamphetamine inhibits
mitochondrial complex I activity in mice: a possible
mechanism underlying neurotoxicitybph_663 233..245
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Background and purpose: 3,4-methylenedioxymethamphetamine (MDMA) causes a persistent loss of dopaminergic cell
bodies in the substantia nigra of mice. Current evidence indicates that such neurotoxicity is due to oxidative stress but the
source of free radicals remains unknown. Inhibition of mitochondrial electron transport chain complexes by MDMA was
assessed as a possible source.
Experimental approach: Activities of mitochondrial complexes after MDMA were evaluated spectrophotometrically. In situ
visualization of superoxide production in the striatum was assessed by ethidium fluorescence and striatal dopamine levels were
determined by HPLC as an index of dopaminergic toxicity.
Key results: 3,4-methylenedioxymethamphetamine decreased mitochondrial complex I activity in the striatum of mice, an
effect accompanied by an increased production of superoxide radicals and the inhibition of endogenous aconitase. a-Lipoic
acid prevented superoxide generation and long-term toxicity independent of any effect on complex I inhibition. These effects
of a-lipoic acid were also associated with a significant increase of striatal glutathione levels. The relevance of glutathione was
supported by reducing striatal glutathione content with L-buthionine-(S,R)-sulfoximine, which exacerbated MDMA-induced
dopamine deficits, effects suppressed by a-lipoic acid. The nitric oxide synthase inhibitor, NG-nitro-L-arginine, partially
prevented MDMA-induced dopamine depletions, an effect reversed by L-arginine but not D-arginine. Finally, a direct
relationship between mitochondrial complex I inhibition and long-term dopamine depletions was found in animals treated
with MDMA in combination with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
Conclusions and implications: Inhibition of mitochondrial complex I following MDMA could be the source of free radicals
responsible for oxidative stress and the consequent neurotoxicity of this drug in mice.
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Introduction

Administration of the amphetamine derivative 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy) to mice
produces persistent long-term effects in their brains which are
considered to reflect neurodegenerative changes (Capela
et al., 2009). Such neurotoxicity results in a decrease in the
content of striatal dopamine and its main metabolites (Stone
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et al., 1987; Logan et al., 1988; O’Callaghan and Miller, 1994;
Capela et al., 2009); the decline in L-tyrosine hydroxylase
(TH) and dopamine transporter (DAT) immunostaining
(Granado et al., 2008a); and increased markers of microglial
and astrocytic activation in striatum, all providing anatomical
correlation with dopaminergic deficits (Granado et al.,
2008b). It is noteworthy that these latter authors were the first
to show that MDMA in mice causes a persistent loss of
dopaminergic cell bodies in the substantia nigra, indicating
that MDMA neurotoxicity in this species is not restricted to
the loss of neuronal 5-hydroxytryptaminergic terminals, as it
is in rats (Granado et al., 2008b).

Recent evidence has revealed that striosomes are more vul-
nerable than the matrix to MDMA-induced loss of TH/DAT
immunoreactive terminals (Granado et al., 2008a). This selec-
tive vulnerability has also been described for the Parkinsonian
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(Iravani et al., 2005). Interestingly, there are other striking
similarities between MDMA and MPTP toxicity. MPTP in mice
is the most commonly studied animal model of Parkinson’s
disease (Przedborski and Vila, 2003). However, as found for
MDMA, the dopaminergic neurotransmission system of the
rat is essentially insensitive to the neurotoxic effects of sys-
temically administered MPTP (Giovanni et al., 1994a, 1994b).
Furthermore, DAT activity plays a key role in the neurotoxic
process of both MPTP and MDMA as blockade of DAT by
specific antagonists completely prevents both, MPTP- and
MDMA-induced toxicity (Javitch et al., 1985; Bezard et al.,
1999; O’Shea et al., 2001; Camarero et al., 2002). Moreover,
reactive oxygen species (ROS) exert many of the toxic effects
of MPTP and MDMA in mice (Przedborski and Vila, 2001,
2003; Capela et al., 2009), and transgenic mice with increased
brain activity of copper/zinc superoxide dismutase (SOD1) are
significantly more resistant to MPTP- or MDMA-induced
dopaminergic toxicity than their non-transgenic littermates
(Przedborski et al., 1992; Cadet et al., 1995).

It is well known that MPTP is metabolized into 1-methyl-
4-phenylpyridinium (MPP+) which enters dopaminergic
neurons by means of the DAT. Once inside, MPP+ impairs
mitochondrial respiration by inhibiting complex I of the elec-
tron transport chain, which leads to an increased production
of ROS responsible for oxidative stress (Nicklas et al., 1985;
Mizuno et al., 1987; Przedborski and Vila, 2001, 2003).
Current evidence indicates that neurotoxicity caused by
MDMA in mice is also due to oxidative stress (Cadet et al.,
1995; Jayanthi et al., 1999; Colado et al., 2001; Camarero
et al., 2002; Sanchez et al., 2003); however, the source of free
radicals remains largely unknown. Due to the similarities
between MDMA and MPTP toxicity in mice we investigated
whether MDMA administration to mice affects the activity of
the mitochondrial transport chain complexes as a possible
source of the ROS formed and its possible relationship with
the long-term neurotoxic effects.

Methods

Animals and treatments
All animal care and experimental procedures were in accor-
dance with the European Community Council Directive of 24

November 1986 (86/609/EEC) and approved by the Ethical
Committee of the University of Navarra. Male Swiss-Webster
mice (CD-1, Harlan Ibérica, Barcelona, Spain), 25–30 g
weight, were housed in groups of five in constant conditions
of humidity and temperature (22 � 1°C) with a 12-h/12-h
light-dark cycle (lights on at 07:00 h). Food and water were
available ad libitum. The total number of mice used in the
present work was 386 animals.

Study I: effect of MDMA on the activity of mitochondrial electron
transport chain complexes
To study the effects of MDMA on the activities of mitochon-
drial electron transport chain complexes, mice were treated
with saline or three increasing doses of MDMA (10, 20,
30 mg·kg-1 i.p. every 2 h) and were killed 1, 3, 6, 12 or 24 h
after the last MDMA injection. The striatum was dissected free
and was homogenized in buffer (20 mM HEPES pH 7.8) at a
tissue concentration of 2 mg·mL-1. For aconitase activity mea-
surements mice were treated with saline or MDMA and killed
1, 3 or 6 h later.

Study II: nitric oxide (NO) and MDMA-induced toxicity
Mice were pretreated with either saline or the non selective
NO synthase (NOS) inhibitor NG-nitro-L-arginine (L-NNA;
10 mg·kg-1 i.p.) 30 min before MDMA administration, as
described (Nowicki et al., 1991). The inhibition of NOS is
stereospecific and is attenuated by high concentrations of
L-arginine, which competes for binding to NOS, but not
D-arginine, which does not selectively bind to NOS (Knowles
et al., 1990). L-arginine or D-arginine were given at
300 mg·kg-1 i.p. 5 min before L-NNA pretreatment, as
described (Matthews et al., 1997).

Study III: effect of a-lipoic acid (LA) on MDMA-induced toxicity
Mice were distributed into four groups which received: (1)
vehicle/vehicle; (2) LA/vehicle; (3) vehicle/MDMA; and (4)
LA/MDMA. Both LA (100 mg·kg-1 i.p. in sodium bicarbonate
7.5% w·v-1, pH 7.4) and vehicle were given twice daily for 2
days, and MDMA (10, 20, 30 mg·kg-1 i.p. 2 h apart) was given
30 min after the fourth dose of LA or vehicle. Animals were
killed either 3 h later to visualize ROS production and to
analyse complex I activity, or 7 days later to measure striatal
dopamine content. LA dosage regimen was based on earlier
work showing full protection of MDMA-induced
5-hydroxytryptaminergic deficits in rats (Aguirre et al., 1999).

Study IV: effect of L-buthionine-(S,R)-sulfoximine (BSO) on
striatal glutathione (GSH) content and MDMA-induced toxicity
g-Glutamylcysteine synthetase (g-GCS) is the rate-limiting
enzyme for GSH synthesis (Griffith, 1982). BSO is an irrevers-
ible inhibitor of g-GCS and thereby depletes intracellular GSH.
We used BSO to investigate the role of GSH and ROS in the
mechanisms underlying MDMA toxicity.

A set of mice were distributed into four groups which
received: (i) vehicle/vehicle; (ii) LA/vehicle; (iii) vehicle/BSO;
and (iv) LA/BSO. The LA dosage regimen used was the same as
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described in Study III. BSO (3 mmol·kg-1 i.p., in sterile saline)
was injected 24 h before the fourth injection of LA. Thirty
min after the last dose of LA, mice were killed for GSH analy-
sis. BSO treatment was chosen based on a previous report
showing significant reductions in the striatal content of GSH
without significantly affecting TH activity or dopamine con-
centrations (Andersen et al., 1996).

Another set of mice were treated identically as described
above, and in addition they also received saline or MDMA
(10, 20, 30 mg·kg-1 i.p. 2 h apart) 30 min after the last injec-
tion of LA. These animals were killed 7 days later, to measure
dopamine content.

Study V: effect of MPTP on MDMA-induced toxicity
Mice were treated with a subtoxic (3 ¥ 10 mg·kg-1 i.p. every
2 h) or a toxic (10, 20, 30 mg·kg-1 i.p. every 2 h) treatment of
MDMA either alone or in combination with a subtoxic dosage
regimen of MPTP (3 ¥ 10 mg·kg-1 i.p. every 2 h). The dose of
MPTP was chosen based upon previous studies showing that
similar doses had little effect on striatal dopamine content or
TH activity in the substantia nigra (Sonsalla and Heikkila,
1986; Albers et al., 1996). Striata were harvested 3 h or 7 days
later to analyse complex I activity and to measure striatal
dopamine content respectively.

In a final set of experiments, the toxic dosage regimen of
MDMA was combined with a toxic MPTP treatment (3 ¥
20 mg·kg-1 i.p., every 2 h). Shortly after the third MDMA/
MPTP injection, three mice begun to show signs of distress
and suddenly died in the following 5–10 min. Because other
animals in the MDMA/MPTP group started to show similar
symptoms, the experiment was rapidly terminated and all
remaining animals were killed humanely and promptly fol-
lowing the guidelines of our Institutional Animal Care and
Use Committee.

Determination of activities of mitochondrial complexes
Mice were killed by decapitation 1, 3, 6, 12 and 24 h after the
last MDMA injection. Striata were dissected free and homog-
enized in 20 mM HEPES buffer (pH 7.8) to get a final tissue
concentration of 2 mg·mL-1. Samples were then freeze-thawed
twice and 50 mL aliquots were transferred to 150 mL of the
assay medium. Assays of all respiratory chain enzyme activi-
ties were carried out spectrophotometrically in a Multiskan
Spectrum (Thermo, Electron Corporation, Finland) using
standardized and reproducible methods. Complex I activity
was determined as described by Ratner et al. (2009). Oxidation
of nicotinamide adenine dinucleotide, reduced form (NADH)
was followed at 340 nm using coenzyme Q1 as the electron
acceptor. Complex II and complex II/III activities were mea-
sured as previously described (Klivenyi et al., 2004; Seo et al.,
2008). Complex IV activity was determined by following cyto-
chrome c oxidation, sensitive to potassium cyanide (KCN)
inhibition, at 550 nm in a medium containing 20 mM HEPES
(pH 7.8) supplemented with 0.025 mM reduced cytochrome
c. Citrate synthase activity was determined as described by
Aleardi et al. (2005).

Assay for aconitase activity
Aconitase activity was measured as described earlier (Cleren
et al., 2005). Briefly, frozen-thawed mouse striatum samples

were homogenized in 2 mM HEPES buffer (pH 7.8) and mixed
with the reaction buffer (2 mM HEPES pH 7.8, 0.6 mM MgCl2,
0.5 mM NADP+, two units of isocitrate dehydrogenase, 1 mM
rotenone, 10 mM CaCl2 and 1 mM citrate) in a 96-well plate.
Aconitase activity was measured by following the appearance
of NADPH at 340 nm (Gardner, 2002). The absorbance
changes at 340 nm were followed for 10 min with a plate
reader SpectraMax M5 (Molecular Devices, Sunnyvale, CA,
USA).

In situ detection of superoxide radical (O2
•-) production

In situ visualization of O2
- production was assessed by hydro-

ethidine histochemistry as previously described (Kim and
Chan, 2002). Two and a half h after the last injection of
MDMA, mice were injected i.p. with 200 mL of PBS containing
1 mg·mL-1 hydroethidine (Molecular Probes, Invitrogen, Carls-
bad, CA, USA) and 1% DMSO. Brains were collected 30 min
later and frozen on dry ice. Midbrain sections (25 mm thick)
were mounted onto gelatin-coated glass slides, and examined
for hydroethidine oxidation product, ethidium accumula-
tion, by fluorescence microscopy (excitation, 510 nm; emis-
sion, 580 nm). Fluoresecence intensity was quantified using
the image analysis software AnalySISD 5.0 (Soft Imaging
System, Olympus, Münster, Germany).

Measurement of rectal temperature
Temperature measurement was performed using a TMP 812
thermometer, with digital readout (Panlab, Barcelona, Spain)
and a lubricated YSI 451 rectal semi-flexible probe for mice.
Each mouse was lightly restrained by hand, for approximately
10 s, while the probe was inserted approximately 2 cm into its
rectum and a steady reading was obtained.

Determination of dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in the striatum
Striatal concentrations of dopamine, DOPAC and HVA were
determined by high performance liquid chromatography
with electrochemical detection, as previously described
(Goñi-allo et al., 2006).

GSH determination
Glutathione was measured by using the Bioxytech® GSH-400
assay Kit (OXIS, Foster City, CA, USA) according to the manu-
facturer’s protocol.

Statistics
Temperatures were analysed by two-way ANOVA for repeated
measures. Treatment was used as the between subjects factor
and time as the repeated measure. For the neurochemical
analysis, differences in striatal dopamine concentrations,
complex I or aconitase activities were analysed by one-way
ANOVA. Multiple pair wise comparisons were performed using
the Student–Newman–Keuls test. Treatment differences were
considered statistically significant at P < 0.05. Data analyses
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were performed using the Statistical Program for the Social
Sciences (SPSS for Windows, 15.0; SPSS Inc., Chicago, IL,
USA).

Materials
3,4-methylenedioxymethamphetamine-HCl was a gift from
the ‘Servicio de Restricción de Estupefacientes’ (Spanish
regulatory body on psychotropic drugs); The following
reagents were purchased from Sigma (Madrid, Spain): dopam-
ine, DOPAC, HVA, MPTP, KCN, b-NADH, 2,3-dimethoxy-5-
methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone (coenzyme
Q1), rotenone, 2,6-dichlorophenolindo phenol sodium salt,
4,4,4-trifluoro-1-(2-trienyl)-1,3-butadienone, 5,5′-dithiobis-
(2-nitrobenzoic acid), oxaloacetic acid, LA, D- and L-arginine,
and acetyl coenzyme A sodium salt; 1-buthionine-(S,R)-
sulfoximine (BSO) and L-NNA were purchased from Tocris
(Biogen Científica S.L., Madrid, Spain) and hydroethidine was
from Invitrogen (Carlsbad, CA, USA); all other chemicals were
from Merck (Darmstadt, Germany). Drug and receptor
nomenclature follows Alexander et al. (2009).

Results

Effect of MDMA on the activity of mitochondrial complexes
In the first set of experiments, we analysed whether MDMA
affects the activity of the mitochondrial complexes. As shown
in Figure 1A, the administration of a toxic dosage regimen of
MDMA (10, 20, 30 mg·kg-1 i.p. every 2 h) produced a signifi-
cant decrease in mitochondrial complex I activity [F(5,53) =
3.696; P < 0.01]. Such changes are evident 1 h after drug
administration and remain significantly below control values
for up to 24 h later. However, no change was observed in the
activity of any of the other mitochondrial complexes studied
at any time (Table 1). No differences were found either in the
activity of citrate synthase, a marker of the mitochondrial
matrix, suggesting that decreased complex I activity was not
due to differences in the amount of mitochondria present in
the samples.

In saline-injected mice, striatal O2
- and O2

--derived oxidant
production, as assayed by ethidium fluorescence, was
minimal (Figure 1B). In contrast, in MDMA-treated mice, stri-
atal production of O2

- or O2
--derived oxidants shown by

ethidium fluorescence was increased at 3 h after MDMA.
It has been previously reported that aconitase is sensitive to

O2
- production and several studies used aconitase as an intra-

cellular indicator of superoxide formation (Patel et al., 1996;
Liang et al., 2000; Li et al., 2001; Tretter et al., 2005), and has
proven to be sensitive enough to reflect in situ ROS generation
in mitochondria (Sipos et al., 2003). Under our experimental
conditions, aconitase activity was significantly decreased 3
and 6 h after MDMA [F(3,77) = 3.361; P < 0.05] (Figure 1C).

Effect of NOS modulation on MDMA-induced depletion of
striatal dopamine
We also examined whether pretreatment with a non-specific
NOS inhibitor, L-NNA, could attenuate the depletion of stri-
atal dopamine induced by MDMA (~ 45% vs. control). We

found that administration of L-NNA produced significant
neuroprotection against dopamine loss (Figure 2). Further-
more we found that the administration of L-arginine
(300 mg·kg-1 i.p. 0.5 h before MDMA) completely blocked the
neuroprotective effect of L-NNA [F(7,65) = 10.78; P < 0.001],
whereas D-arginine (at the same dose) had no significant
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Figure 1 Effect of MDMA on mitochondrial complex I and aconitase
activities and superoxide (O2

-) production. (A) Mitochondrial
complex I in the striatum of mice killed 1, 3, 6, 12 and 24 h after
MDMA (10, 20, 30 mg·kg-1 i.p. every 2 h). (B) Representative pho-
tomicrographs showing fluorescent ethidium signals 3 h after saline
or MDMA. Note that MDMA treatment resulted in a significant
increased in oxidized hydroethidine signals compared with saline-
treated mice. (C) Effect of MDMA on aconitase activity in mice killed
1, 3 and 6 h after MDMA. The results shown as mean � SEM (n = 10;
A and C). Differences from saline: *P < 0.05. MDMA, 3,4-
methylenedioxymethamphetamine.
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effect on the protection afforded by L-NNA [F(7,62) = 7.444; P
< 0.001].

LA prevents MDMA-induced dopaminergic deficits but not
mitochondrial complex I inhibition
Seven days after MDMA striatal concentrations of dopamine,
DOPAC and HVA were decreased by 48%, 29% and 30%
respectively. LA pretreatment afforded a complete protection
against the loss of striatal dopamine and its metabolites
caused by MDMA. One-way ANOVA comparing the four groups
of mice yielded the following results: dopamine: F(3,25) =
8.565; P < 0.001; DOPAC: F(3,25) = 6.649; P < 0.001 and HVA:
F(3,25) = 4.151; P < 0.01] (Figure 3A).

As expected, MDMA significantly increased the core body
temperature of mice, while LA given alone caused hypother-
mia. The latter effect was not surprising as it has also been
described in rats (Aguirre et al., 1999). Analysis of temperature
curves using two-way ANOVA for repeated measures revealed a
significant interaction treatment ¥ time [F(15,156) = 11.259, P
< 0.001]. Single time point comparisons revealed no signifi-
cant differences between mice treated with MDMA alone or in
combination with LA, indicating that protection afforded by
LA was independent of any effect on MDMA-induced hyper-
thermia (Figure 3B). We also analysed whether LA could have
reversed the inhibition of complex I caused by MDMA. As
shown in Figure 3C, complex I activity was significantly
reduced in the groups of mice given MDMA alone or in
combination with LA [F(3,33) = 9.177; P < 0.01].

As expected O2
- and O2

--derived oxidant production shown
by the ethidium signal was increased in the striatum of
MDMA-treated mice as compared with saline-treated animals.
By contrast, the ethidium signal evoked by MDMA was mark-
edly decreased in mice treated with the LA/MDMA combina-
tion, suggesting the inhibition of O2

- production by LA
(Figure 3D).

GSH depletion by BSO potentiates MDMA-induced toxicity:
reversal by LA
To obtain further insight into the involvement of ROS in
MDMA-induced dopamine depletions and LA afforded pro-
tection, we used the g-GCS inhibitor BSO. First, we investi-
gated the effects of BSO, LA and the LA/BSO combination on
striatal GSH content. As shown in Figure 4A, BSO and LA
caused opposite effects. While BSO significantly decreased the
concentration of GSH in the striatum, LA not only increased
it above control values but also restored the concentration of
GSH in those animals receiving the LA/BSO combination
[F(3,33) = 21.64; P < 0.01],

We next investigated the effect of BSO on MDMA-induced
dopamine depletion and LA-afforded protection. As shown in
Figure 4B, BSO exacerbated the reductions in the levels of
secondary biomarkers of dopamine neurotoxicity (dopamine,
DOPAC and HVA concentrations in the striatum 7 days after
drug exposure). The effect of BSO on dopamine concentra-
tions was completely reversed by LA [F(7,65) = 10.64; P <
0.001], and partially prevented in the case of DOPAC [F(7,65)
= 15.54; P < 0.001] and HVA [F(7,65) = 11.23; P < 0.001]. BSO

Table 1 Effect of MDMA (10, 20, 30 mg·kg-1 i.p. every 2 h) on the activities of mitochondrial complexes II, II/III, IV and citrate synthase at
various time points

Complex II Complex II/III Complex IV Citrate synthase

Control 13.28 � 0.83 17.05 � 0.51 6.01 � 1.01 45.72 � 1.19
1 h 12.04 � 0.61 16.97 � 0.62 5.30 � 0.58 43.93 � 1.05
3 h 11.67 � 0.69 17.22 � 0.49 6.33 � 0.54 44.99 � 1.05
6 h 12.09 � 0.76 17.15 � 0.28 5.24 � 0.51 45.41 � 1.31
12 h 12.49 � 0.83 17.08 � 0.54 5.03 � 0.57 43.18 � 1.68
24 h 12.34 � 0.82 16.75 � 0.97 6.67 � 0.56 45.73 � 1.52

Results shown as mean � SEM, n = 10, in DCPIP nmol·min-1·mg-1 tissue (complex II), cytochrome c nmol·min-1·mg-1 tissue (complex II/III), cytochrome c
mmol·min-1·mg-1 tissue (complex IV) and DTNB nmol·min-1·mg-1 tissue (citrate synthase).
One-way ANOVA revealed no significant differences between control and MDMA treatment at any time point.
DCPIP, 2,6-dichlorophenolindo phenol; DTNB, 5,5′-dithiobis-(2-nitrobenzoic acid); MDMA, 3,4-methylenedioxymethamphetamine.
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or LA given alone and their combination caused no signifi-
cant effect on striatal dopamine concentrations (data not
shown).

Effect of co-administration of MDMA and MPTP on striatal
dopamine levels and mitochondrial complex I activity
Intraperitoneal administration of non-toxic doses of MDMA
(3 ¥ 10 mg·kg-1 every 2 h) or MPTP (3 ¥ 10 mg·kg-1 every 2 h)
produced no long-term effects in the dopamine content in the

striatum (Figure 5A). In contrast, the co-administration of
MDMA and MPTP resulted in a significant reduction of stri-
atal dopamine concentrations [F(3,36) = 6.396; P < 0.05].
Consistent with these results, complex I activity
remained unaltered 3 h after MDMA or MPTP, while the
co-administration of both dopaminergic toxins resulted in a
significant reduction in NADH oxidation rate (Figure 5B).
Thus, one-way ANOVA analysis revealed significant differences
[F(3,36) = 6.666; P < 0.01].

Figure 3 Effect of LA on MDMA-induced dopaminergic deficits, mitochondrial complex I inhibition and ROS production. LA (100 mg·kg-1

i.p.) or vehicle were given twice daily for 2 days, and MDMA (10, 20, 30 mg·kg-1 i.p. 2 h apart) was given 30 min after the fourth
administration of LA or vehicle. (A) Striatal dopamine, DOPAC and HVA levels of mice 7 days after MDMA given alone or in combination with
LA. Results shown as means � SEM in pg·mg-1 wet tissue (n = 8–10). (B) Effect of LA on MDMA-induced acute hyperthermia. Arrows denote
administration of LA or MDMA (solid arrows). Mice temperatures were recorded at baseline (t = –30 min) and 1 h after every injection of
MDMA up to 7 h. Values are means � SEM (n = 8–12 mice per group). (C) Complex I activity measured in the striata of mice 3 h after
treatments. Results shown as means � SEM (n = 8–12). (D) Effect of LA on MDMA-induced O2

•- production. O2
•- radicals were measured in

animals treated with saline (control) or MDMA alone or in combination with LA. Note that LA decreased the ethidium signal evoked by MDMA.
Results shown as means � SEM (n = 3–4). In all panels: *P < 0.05, **P < 0.01 or ***P < 0.001 versus control group; †P < 0.01, different from
MDMA-treated animals. One-way ANOVA followed by Newman–Keuls test. DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid;
LA, a-lipoic acid; MDMA, 3,4-methylenedioxymethamphetamine; ROS, reactive oxygen species.
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Figure 4 Effect of BSO on MDMA induced-toxicity. BSO (3 mmol·kg-1 i.p.) was given 24 h before the fourth injection of LA (4 ¥ 100 mg·kg-1

i.p. 12 h apart). (A) Striatal GSH levels 24 h after BSO given alone or in combination with LA. Results shown as means � SEM (n = 8–10). *P
< 0.05 versus saline; #P < 0.05 versus BSO-treated animals. (B) Striatal dopamine, DOPAC and HVA levels of mice 7 days after administration
of BSO or LA in combination with MDMA. Discontinous line (----) shows dopamine, DOPAC and HVA levels of saline-treated mice. Results
shown as means � SEM (n = 8–12). *P < 0.05, different from saline; †P < 0.05, different from MDMA-treated mice; #P < 0.05, different from
BSO + MDMA treated animals. One-way ANOVA followed by Newman–Keuls test. BSO, L-buthionine-(S,R)-sulfoximine; DOPAC, 3,4-
dihydroxyphenylacetic acid; GSH, glutathione; LA, a-lipoic acid; MDMA, 3,4-methylenedioxymethamphetamine.
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As co-administration of non-toxic treatments with MDMA
and MPTP resulted in a significant decrease of striatal concen-
tration of dopamine, we next tested whether a non-toxic
dosage regimen of MPTP would exacerbate the long-term
depletion of striatal dopamine caused by a toxic dosage
regimen of MDMA. As it can be seen in Figure 5C, the admin-
istration of MDMA produced a significant long-term deple-
tion of striatal dopamine content [F(3,38) = 9.934; P < 0.01]
and its metabolites DOPAC and HVA (data not shown). The
addition of MPTP, however, did not exacerbate the dopamin-
ergic deficits caused by MDMA alone.

We also tested whether the MDMA/MPTP combination
would result in a larger inhibition of mitochondrial complex
I than that caused by MDMA alone. The results shown in
Figure 5D indicate that while MDMA significantly reduced
complex I activity [F(3,33) = 7.771; P < 0.01], such effects were
not potentiated by the co-administration of non-toxic doses

of MPTP. Citrate synthase activity used as a normalizing
control did not vary significantly between groups (data not
shown).

Discussion

In this study we provide new insight into the pathways
involved in MDMA-induced dopaminergic deficits in mice.
Our data demonstrate, for the first time, that MDMA inhibits
mitochondrial complex I activity in the striatum of mice. As
a consequence, there was a significant overproduction of O2

-

radicals, shown by ethidium fluorescence, resulting in a sig-
nificant reduction of aconitase activity, possibly due to its
oxidation. Consistent with these findings, the metabolic anti-
oxidant LA afforded complete protection against MDMA-
induced long-term loss of striatal dopamine content. LA not
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Figure 5 Effect of MPTP on MDMA-induced toxicity. (A) Striatal dopamine levels 7 days after the administration of MDMA (3 ¥ 10 mg·kg-1

i.p. every 2 h) alone or in combination with MPTP (3 ¥ 10 mg·kg-1 i.p. every 2 h). (B) mitochondrial complex I activity 3 h after the same drug
treatments shown in panel A. (C) Striatal dopamine levels 7 days after the administration of MDMA (10, 20, 30 mg·kg-1 i.p. every 2 h) alone
or in combination with MPTP (3 ¥ 10 mg·kg-1 i.p. every 2 h). (D) mitochondrial complex I activity 3 h after the same drug treatments shown
in panel C. Results shown as means � SEM (n = 8–12). *P < 0.05 versus saline-treated mice. One-way ANOVA followed by Newman–Keuls test.
MDMA, 3,4-methylenedioxymethamphetamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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only abolished O2
- radical production downstream complex I

inhibition, but also increased striatal GSH content. Notewor-
thy, MDMA-induced neurotoxicity correlated negatively with
striatal GSH levels. Moreover, NOS inhibition partially pre-
vented the dopaminergic deficits caused by MDMA, an effect
reversed by L-arginine but not by D-arginine. Finally, our data
also showed a direct relationship between complex I inhibi-
tion and long-term dopamine depletions further suggesting
that this effect could be, at least, partially responsible for the
neurotoxicity produced by this amphetamine derivative in
this animal species (Figure 6).

Consistent with previous observations supporting the mito-
chondrion as a main player in neurodegenerative processes,
our data revealed that one of the earlier events that take place
in MDMA-induced neurotoxicity in mice is the inhibition of
complex I of the mitochondrial electron transport chain. This
effect appears to be specific, as MDMA failed to modify the
activity of other complexes including complex II, II/III or IV.

It has been shown that increased ROS generation parallels
the inhibition of complex I (Hasegawa et al., 1990; Ramsay
and Singer, 1992; Liu et al., 2002; Perier et al., 2005). Also,
inactivation of complex I to a similar extent to that found in
our experiments (~25%) resulted in a significant increase in
superoxide production (Sipos et al., 2003). Furthermore, cell
death caused by other complex I inhibitors has been specifi-
cally and quantitatively linked to ROS production (Barrientos
and Moraes, 1999). Accordingly, we focused our work on the
consequence of complex I inhibition, that is, increased ROS

production. We used hydroethidine, which is selectively oxi-
dized to ethidium by O2

- (Bindokas et al., 1996), to visualize in
situ the production of O2

- after MDMA. Consistent with the
inhibitory effect on mitochondrial complex I activity, MDMA
caused the build-up of O2

- radicals in the striatum of mice.
Aconitase, a Krebs cycle enzyme, is very sensitive to inhi-

bition by O2
- (Gardner et al., 1995) and has been used in

several studies as a marker of its production (Bindokas et al.,
1996; Patel et al., 1996; Kim and Chan, 2002). This enzyme is
sensitive enough to reflect in situ ROS generation in mito-
chondria (Gardner, 2002; Sipos et al., 2003). In agreement
with these reports, we found that aconitase activity was sig-
nificantly decreased after MDMA treatment, further support-
ing the possible involvement of O2

- in MDMA-induced
dopamine toxicity. It is noteworthy that mitochondrial aconi-
tase is not just a target but is also a source of ROS. The
[4Fe-4S]2+ cluster of mitochondrial aconitase is oxidized by O2

-

leading to the generation of free Fe (II), which, together with
H2O2, may increase the formation of hydroxyl radicals via the
Fenton reaction. Because hydroxyl radicals were found to be
the most efficient inhibitor of complex I among the ROS
tested (Zhang et al., 1990), further ROS could be generated in
a vicious cycle, which may exist between complex I inhibition
and aconitase inactivation.

The [4Fe-4S]2+ cluster of aconitase is also inactivated by
peroxynitrite or H2O2 (Gardner et al., 1995; Hausladen and
Fridovich, 1996; Tretter and Adam-Vizi, 2000). Given this,
toxicity after MDMA could derive from peroxynitrite that is

Figure 6 A hypothetical model of MDMA-induced dopaminergic toxicity in mice. The inhibition of mitochondrial complex I activity after
systemic administration of MDMA promotes the generation of superoxide radicals (O2

•-), which could lead to the formation of peroxynitrite
(ONOO-), in the presence of NO, or to H2O2 by means of superoxide dismutase (SOD). The [4Fe-4S]2+ cluster of aconitase could then be
inactivated by O2

•-, peroxynitrite or H2O2 leading to the generation of Fe2+, which, together with H2O2, may increase the formation of hydroxyl
radicals (OH•) by the Fenton reaction. Glutathione (GSH) is involved both as a non-enzymic, free radical scavenger for ROS and/or peroxynitrite
and enzymically to inactivate H2O2. In summary, inhibition of mitochondrial complex I activity could be a plausible source of free radicals
responsible for oxidative damage to dopamine neurons caused by MDMA in mice. Further studies are needed, however, to resolve which is/are
the specific compound(s) responsible for such effects. GPx, gluthathione peroxidase; GR, glutathione reductase; MDMA, 3,4-
methylenedioxymethamphetamine; ROS, reactive oxygen species.
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formed by the diffusion-limited reaction of O2
- with NO

(Beckman et al., 1990; Ischiropoulos and al-Mehdi, 1995). Our
data appear to support this notion as the non-selective NOS
inhibitor L-NNA partially protected against the long-term
dopamine-depleting effects of MDMA, an effect reversed by
the NO precursor L-arginine, but not by D-arginine. These
findings are also supported by previous reports showing that
the neuronal NOS inhibitor, S-methyl-L-thiocitrulline pro-
vides significant neuroprotection against MDMA-induced
long-term dopamine depletion in mice (Colado et al., 2001).
Consistent with peroxynitrite involvement in MDMA
neurotoxicity in mice are also the findings that mice geneti-
cally deficient in neuronal NOS and mice overexpressing
human CuZn-SOD are less sensitive to MDMA toxicity com-
pared with their wild-type counterparts (Cadet et al., 1995;
Itzhak et al., 2004).

In order to further evaluate the relevance of ROS in MDMA-
induced neurotoxicity, we also performed a pharmacological
approximation using LA. We have previously demonstrated
that LA fully prevents MDMA-induced 5-HT deficits in rats
(Aguirre et al., 1999). In line with these findings we now show
that it also completely prevented MDMA-induced dopamine
depletions in mice. Protection afforded by LA was indepen-
dent of any effect of LA on MDMA-induced hyperthermia or
complex I inhibition. It is noteworthy that LA completely
abolished O2

- production when combined with MDMA,
further suggesting that O2

- derived ROS formation after
complex I inhibiton by MDMA is a key step in the mecha-
nisms underlying MDMA-induced dopamine toxicity. It has
been recently reported that MDMA produces DNA single and
double-strand breaks along with extensive mitochondrial oxi-
dative damage (Frenzilli et al., 2007; Alves et al., 2009).
Because LA potently inhibits peroxynitrite-mediated DNA
strand breakage (Jia et al., 2009) and is also one of the major
cofactors for a specific lipoyl dehydrogenase which catalyses
the reduction of nitrated DNA (Chen et al., 2002), it may also
specifically protect from MDMA-induced DNA damage.

Glutathione is considered to be the most prevalent and
important intracellular non-protein thiolsulphydryl com-
pound in mammalian cells (Bains and Shaw, 1997). A crucial
role for GSH is as a free radical scavenger, particularly effective
against the hydroxyl radical (Coyle and Puttfarcken, 1993).
Because there are no known enzymatic defences against this
radical species, the ability of GSH to non-enzymatically scav-
enge hydroxyl radicals provides a first line of anti-oxidant
defence. In agreement with previous findings (Suh et al.,
2004; Fujita et al., 2008; Petersen et al., 2008), our results
demonstrate that LA significantly increased endogenous GSH
levels in the striatum of mice. This effect may be particularly
important in the case of MDMA toxicity, as hydroxyl radical
formation has been demonstrated by measuring the conver-
sion of salicylic acid to 2,3-dihydroxy benzoic acid in the
striatum of MDMA-treated mice (Colado et al., 2001; Camar-
ero et al., 2002).

Dismutation of O2
- to H2O2 is catalysed by the action of

Mn-SOD in the mitochondrion or by CuZn-SOD in the
cytosol. H2O2 is then converted to water and oxygen by cata-
lase and GSH peroxidase, which uses GSH as a proton donor.
Although the activities of GSH peroxidase and GSH reductase
in brain mitochondria are relatively low, these do nonetheless

appear to play an important role in the elimination of H2O2

(Desagher et al., 1996; Dringen et al., 1999). This function
appears to be also important in the case of MDMA as our data
show that a small reduction in GSH levels, caused by BSO, was
sufficient to potentiate MDMA-induced long-term dopamine
depletions, effects that were reversed by previous LA admin-
istration. This evidence for a key protective role of GSH
against MDMA-induced toxicity in mice is also supported by
the study by Sanchez et al. (2003) who described a negative
correlation between GSH peroxidase activity and the dopam-
inergic toxicity induced by MDMA.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine represents
the most important and most frequently used Parkinsonian
toxin applied in animal models. MPTP delivered systemi-
cally to mice or non-human primates selectively damages
dopaminergic neurons in the substantia nigra via inhibition
of mitochondrial complex I (Beal, 2001; Przedborski and
Vila, 2003). As MPTP-induced toxicity is associated with the
inhibition of mitochondrial function we hypothesized that
MPTP would synergize with MDMA and their combination
would result in greater depletion of dopamine than that
caused by either substance alone. In accordance with our
assumption, sub-toxic dosage regimens of MDMA and MPTP
alone had no effect on mitochondrial complex I activity;
however, the combination of both resulted in a significant
decrease in NADH oxidation rate. These results are consis-
tent with the concentrations of dopamine found in the
striatum 7 days later. We next studied whether the same
MPTP treatment would exacerbate complex I inhibition
and/or dopamine deficits caused by a toxic treatment of
MDMA. Although we found a direct relationship between
complex I activity and striatal dopamine content, in this
case MPTP did not potentiate the effects of MDMA. Further
experiments are warranted to clarify this issue. It is possible
that MDMA and MPTP may compete for different mecha-
nisms underlying dopamine toxicity such as the 5-HT trans-
porter, the DAT, monoamine oxidase B (MAO-B) or the same
mitochondrial complex I subunit (Leonardi and Azmitia,
1994; O’Shea et al., 2001; Przedborski and Vila, 2003; Alves
et al., 2007).

Our results clearly demonstrate that systemic administra-
tion of MDMA to mice inhibits mitochondrial complex I
activity; however, the exact mechanism(s) by which this may
occur remain(s) to be elucidated. Intact mitochondria can
accumulate dopamine, thereby enabling the interaction
between dopamine and complex I (Brenner-lavie et al., 2008).
As dopamine per se is capable of inhibiting complex I activity
but not that of complex II, IV or V (Brenner-lavie et al., 2008,
2009), one could hypothesize that under conditions of
increased availability of cytoplasmic dopamine or decreased
metabolism of dopamine, the potential for dopamine-
induced effects on mitochondria would increase. Such condi-
tions are thought to exist following a toxic dosage regimen of
MDMA, resulting in the redistribution of dopamine from
vesicular storage to the cytoplasm (Sabol and Seiden, 1998).
Moreover, MDMA is known to inhibit MAO-A activity
(Leonardi and Azmitia, 1994), which would further increase
the availability of cytoplasmic dopamine after MDMA within
the dopaminergic terminal as MAO-A is predominantly
expressed inside catecholaminergic neurons (Shih et al.,
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1999). It is also noteworthy that dopamine can be metabo-
lized as the preferred substrate for MAO-B. Although
this MAO isoform is mainly found inside 5-
hydroxytryptaminergic terminals and glial cells (Shih et al.,
1999), long-term dopamine depletions caused by MDMA was
more pronounced in MAO-B deficient mice than in their
wild-type counterparts (Fornai et al., 2001). Altogether these
findings suggest that dopamine could be responsible for
complex I inhibition after MDMA in mice; however, this
hypothesis remains speculative and is the focus of ongoing
experiments in the laboratory.

In summary, this study sheds light in the mechanisms
underlying MDMA toxicity in mice. MDMA inhibition of
complex I activity in the striatum results in the disruption of
redox homeostasis, which may contribute to oxidative stress
and final loss of dopamine-expressing cell bodies in the sub-
stantia nigra of this animal species. In addition, the inability
of LA to reverse MDMA-induced inhibition of complex I,
despite blocking the formation of O2

-, suggests that complex
I inhibition is an early event in MDMA neurotoxicity. In any
case, these data raise a number of important issues which
require further study.
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